Introduction 44
The development of insecticide resistance in the Colorado potato beetle (Leptinotarsa 45 deceminleata (Say)) is a major concern for agricultural growers 1 . L. decemlineata are agricultural pests 46 3 current geographic range and have been replaced by different chemical insecticides. Recent integrated 56 pest management strategies for the control of L. decemlineata have often included the neonicotinoid 57 insecticide, imidacloprid, a Group 4A nicotinic acetylcholine receptor agonist classified by the Insecticide 58
Resistance Action Committee 5 . Imidacloprid is a water-soluble, systemically mobile insecticide often 59 employed as an at-plant, in-furrow, or seed treatment application delivered at the beginning of the 60 growing season. Imidacloprid selectively binds to an insect's acetylcholine receptors on the post-61 synaptic membrane causing overstimulation, which leads to paralysis and death 6 . Since 2007, 62 agriculturally-relevant populations of L. decemlineata have had measurable levels of resistance to 63 imidacloprid 7, 8 . Previous studies have shown that these populations originate from agricultural 64 operations where insecticide resistance management (IRM) label guidelines of imidacloprid application 65 have been followed. Unfortunately, even when IRM guidelines are adhered to, insecticide resistance 66 may develop, and producers are forced to rotate their product choices to include different mode of 67 action (MoA) classes for adequate control of this problematic pest species. 68
Comprehensive plant protection strategies must necessarily consider the control of other pest 69 species, including fungal pathogens. In doing so, regular foliar applications of protectant fungicides are 70 widely used and often occur throughout the growing season in potatoes when conditions or criteria for 71 the risk for disease development have been surpassed. Further, fungicide applications may be applied in 72 a tank mixture with, or may follow, neonicotinoid insecticide (e.g. imidacloprid) application leading to 73 combined or even subsequent exposure to both the fungicide and insecticide. One of the most widely 74 used broad spectrum, and multi-site MoA fungicides used in potatoes is chlorothalonil. Chlorothalonil is 75 classified by the Fungicide Resistance Action Committee as a multi-site MoA, chloronitrile 76 (phthalonitrile) 9,10 , and may be applied weekly during periods of high disease risk as a wide range of 77 formulated products applied at rates of 0.67 kg/ha of active ingredient per acre 11 . Another commonly 78 4 major role that these proteins play in resistance within select populations 16 . Recent transcriptomic 88 investigations have revealed differentially expressed transcripts between imidacloprid resistant and 89 susceptible populations of L. decemlineata, and suggest that cytochrome p450s, cuticular proteins, ABC 90 transporters, and glutathione related proteins are up-regulated in resistant populations 8 . Still other 91 investigations in multiple insect taxa further support these findings and suggest that a discrete set of 92 genes appear to be responding to insecticides 16, 17, 18 , suggesting that these proteins may be playing vital 93 roles in xenobiotic metabolism. We hypothesize that fungicides may be able to up-regulate similar 94 genetic detoxification mechanisms as imidacloprid, and therefore, could play a role in conferring cross-95
resistance. 96
The current study employed RNA sequencing to characterize the transcriptomic response of L. 97 decemlineata when exposed to imidacloprid, chlorothalonil, or boscalid in controlled investigations, and 98 investigated whether similar patterns of genetic expression of detoxification mechanisms were induced 99 by these compounds. We compared the transcriptomic profiles of known genes involved in the 100 detoxification of imidacloprid to those that were up-regulated in response to field-relevant application 101 rates of both boscalid and chlorothalonil. The up-regulation of these genes when exposed to boscalid or 102 chlorothalonil may confer cross-resistance to neonicotinoid insecticides. 103 104
Materials and Methods 105

Data Availability 106
All relevant data are contained within the paper and its supporting information files. The accession 107 numbers for the raw RNA sequencing data are deposited in the Sequence Read Archive (SRA) 108 SRP144770 and The Transcriptome Shotgun Assembly project has been deposited at 109 DDBJ/EMBL/GenBank under the accession GGNV00000000. The version described in this paper is the 110 first version, GGNV01000000. 111 have little prior exposure to insecticides, and this population remains highly susceptible to 120 imidacloprid 7, 8 Wisconsin-Madison greenhouse and provided to beetles daily. Adult beetles were given the opportunity 125 to randomly mate and lay clutches of eggs on potato foliage. Egg masses were collected daily and placed 126 on filter paper in 100 x 15 mm petri dishes (Corning, Corning, New York) and held at 26°C, 70% relative 127 humidity (RH), and 16:8 (L:D) photoperiod. Following egg hatch, larvae were provided untreated foliage 128 daily and maintained as cohort groups throughout the remainder of their larval development before 129 being returned to mesh cages with fresh potato plants and soil and allowed to pupate and subsequently 130 emerge as adults. 131 132
Insecticide and Fungicide Feeding Exposure 133
From the previously described laboratory colony, twenty-four, 7 th generation adult beetles (emerging 134 from within 24 hours of pupation) were removed, and these selected adult beetles were used in the 135 following experiments. Adult beetles were placed in individual 100 x 15 mm Petri dishes (Corning, 136 Corning, NY,) on top of filter paper, and starved for 24 hours in a Percival incubator (Percival Scientific, 137 Perry, IA) at 26°C, 70% humidity, and 16:8 (L:D) in advance of any experiments. Fresh potato leaves were 138 removed from healthy, greenhouse-grown plants and cleaned of any debris prior to the excision of a 139 2.01cm 2 leaf disk. For each chemical compound assayed, one leaf disk for each individual beetle was 140 dipped in acetone solutions containing field-relevant concentrations of technical chlorothalonil (6.9 141 µg/µl), boscalid (13 µg/µl), imidacloprid (0.000079 µg/µl), or an acetone control (n=6 142 insects/treatment). Adult beetles were presented individual leaf disks in their petri dish. Beetles were 143 monitored until the insect had located and started feeding upon their leaf disks. Once feeding was 144 initiated on the leaf disk, the adults were then given 24 hours to consume the entire leaf disk and were 145 held at 26°C, 70% humidity, and 16:8 (L:D) throughout this interval. After 24 hours, we randomly 146 selected four individual adults representing each compound from among those which had consumed 147 the entire leaf disk provided, and these individuals were later used for transcriptomic analyses. 
Differentially-Expressed Transcripts and Transcriptome Analysis 165
Transcript expression was determined using Trinity bioinformatics software (RSEM). TPM (transcripts 166 per million) were calculated for each contig in the transcriptome. Further, differentially-expressed 167 transcripts were determined using edgeR, which produced a log fold change along with the 168 corresponding FDR (false discover rate). In the analysis, transcripts were considered to be over-or 169 under-expressed with a log2 fold change greater than 2 and an FDR value < 0.05. A sample correlation 170 matrix was generated for differentially-expressed transcripts (Supplemental Figure S1 ). Three 171 differentially-expressed transcript analyses were conducted, including transcript abundance between 172 the control group and each of the chemical induction groups. Further, from the sample correlation 173 matrix, it was noted that the transcript expression of specific beetle replicates (Imidacloprid_rep2, 174
Imidacloprid_rep3, and Chlorothalonil_rep1) were statistically similar, but distinct from the remaining 175 experimental individuals. These statistically similar individuals were classified as the "Effect" group, 7 analyses and comparison. Using BLAST standalone with BLASTx, the total unique trinity contigs in the 182 transcriptome were compared to the reference proteins (E value <10 −3 ). Transcripts were classified 183 based on the NCBI nomenclature returned by BLASTx. BLASTx results were uploaded into Blast2Go 19 for 184 further data analysis. BLASTx was conducted on the entire transcriptome. Within the analysis, we chose 185 to focus on the longest isoform of each Trinity gene set. Components were mapped to the 186 corresponding GO terms, then the annotation step was run with a cutoff of Evalue < 1E-3, annotation cut 187 off > 45, and GO weight >5. 188 189
Confirmation of Transcript Abundance with Quantitative PCR 190
To confirm the patterns of transcript abundance, four differentially-expressed targets were chosen from 191 the transcriptome. From the purified RNA, cDNA was generated using a Superscript III kit (ThermoFisher 192 Scientific, Waltham, MA). The cDNA was diluted to a final concentration of 5ng/μl of RNA equivalent 193 input for qPCR. The ribosomal protein 4 (RP4) 20 was used as a reference gene for all analyses. The qPCR 194 reaction was run on a CFX-96 platform (Bio-Rad Laboratories, Hercules, CA) with a master mix of 195 Bullseye EverGreen (MIDSCI, Valley Park, MO). Primer and primer efficiency can be found in 196 Supplemental Table S1 . Primer specificity was checked against the transcriptome using BLAST. Primer 197 efficiencies were calculated and optimized. Triplicate reactions were run at 95°C for 10 min followed by 198 95°C for 15 s, 62°C for 60 s, for 40 cycles. Data were collected for each biological replicate, and relative 199 expression of resistant strains to susceptible strains was calculated using the Pfaffl methodology 21 . 200 201
Complimentary Chlorothalonil and Imidacloprid Assays Conducted to Verify Transcripts of Interest 202
The insecticide and feeding exposure assay to chlorothalonil and imidacloprid was repeated twice more 203 to further validate the genetic response described by the transcriptomic analysis. RNA was extracted 204 and cDNA was generated to observe genetic induction of similar detoxification mechanisms (n=4 205 insects/compound/trial 2, and n=5 insects/compound/trial 3). Quantitative PCR was conducted as 206 previously stated to observe the expression for each exposure group to the transcripts of interest 207 (cytochrome P450 (6k1 isoform X1) and UDP-glucuronsyltransferase (2b7-like) Figure S1) . Transcript expression patterns for the specific adult beetles: Imidacloprid_2, 253 Imidacloprid_3 and Chlorothalonil_1, significantly grouped together (Effect) from the rest of the test 254 individuals (No Effect). Differentially-expressed transcripts were examined between these two groups 255 and patterns are illustrated in Tables 4 and 5 Supplemental Table S2 . 269
Quantitative PCR Confirmation 271
Quantitative PCR confirmed transcript expression obtained from the RNA-sequencing data. A subset of 272 differentially-expressed transcripts was confirmed, validating the RNA-sequencing and transcriptomic 273 data. Further, separately from the transcriptomic study, two additional groups (Trial 2 and 3) of adult 274 beetles were exposed to imidacloprid or chlorothalonil to examine if a similar genetic response for the 275 two classified enzymatic detoxification mechanisms (cytochrome P450 6k1 isoform X1 and UDP-276 glucuronsyltransferase 2b7-like) was induced ( The ability of the Colorado potato beetle to develop insecticide resistance to multiple classes of 285 pesticides has been well documented 1, 4, 8 What is not immediately apparent from these investigations 286 are the genetic mechanisms by which these insects adapt, survive and establish resistance. Further, the 287 ability of one chemical (precursor) to activate a resistance mechanism that, in turn, can detoxify other 288 relevant pesticides has also been established and has operationally been described as cross-resistance 24 . 289
In the current manuscript, we hypothesize that a select set of agri-chemicals commonly applied in the 290 potato agro-ecosystem and targeting unrelated pest taxa (fungi versus insects), can activate similar 291 genetic mechanisms of detoxification and potentially have inadvertent consequences on L. 292 decemlinaeata susceptibility to insecticides. Here we establish the genetic response in the form of 293 transcript induction of known enzymatic detoxification mechanisms under lab conditions to the 294 pesticides imidacloprid, chlorothalonil, and boscalid. Imidacloprid has been established as a highly 295 effective insecticide used to control populations of L. decemlineata, while chlorothalonil and boscalid 296 are fungicides used to control foliar pathogens of potato including Phytophthora infestans or Alternaria 297 solani, (late and early blight of potato, respectively). Undoubtedly, populations of L. decemlineata in 298 many potato producing areas of the United States are regularly exposed to repeat applications of all 299 three compounds, especially those populations in the Midwest and Eastern production areas where the 300 threat of foliar disease is greatest 1, 9 . Our focus here, however, is not to demonstrate cross-resistance 301 between fungicides and insecticides, but rather to demonstrate that selected insecticides and fungicides 302 can induce a similar genetic detoxification response, which may increase the potential for cross-303 resistance in a field setting. 304 A transcriptome generated from total RNA representing 16 adult L. decemlineata was created. 305
These individuals represented experimental groups treated with different pesticides, including 306 imidacloprid, chlorothalonil, or boscalid. These compounds were selected based upon their frequency of 307 use and regular occurrence in potato. Transcripts were compared to reference Coleoptera protein 308 sequences from NCBI to determine their identity, revealing a total of 218,882 unique transcripts and 309 55,065 transcripts that had a corresponding BLASTx match. Using the transcriptome, its corresponding 310 transcripts, and the RNA sequencing data, we determined differentially-expressed transcripts. 311
Differentially-expressed transcripts were generated for each pesticide exposure group verses the 312 control. In our analysis, we focused on the classification of previously known mechanisms of pesticide 313 resistance. Toxicokinetic and toxicodynamic mechanisms are two broad categories of protection that 314 organisms possess to respond to toxins 25 . Toxicokinetic mechanisms describe the biotransformation and 315 excretion of the toxicant (insecticide) after it has been absorbed into the body. A toxicodynamic driver 316 of resistance includes selection of target site insensitivity, such as a change in the peptide residues at 317 the site of action, which lowers the affinity for the target, thus lowering the effective concentration to 318 produce an adverse effect 26 . Toxicodynamic response describes the interaction of the toxicant at the 319 target site of action, and the molecular alterations within the cell that elicit an adverse effect. 320
Toxicokinetic mechanisms include the enhancement of metabolic processes that break down the 321 chemical into subsequent metabolites and transport the xenobiotic away from sites of sensitivity. The 322 phase 1 and phase 2 metabolism of neonicotinoids has been well characterized and has identified 323 enzymatic proteins that have been linked to the detoxification of imidacloprid, which include 324 cytochrome P450s, monooxygenases, and glutathione related proteins 18, 23 . The transport of a toxic 325 chemical away from the target site of action is partly achieved through the use of ABC transporters 17 . 326
Additionally, transport can be facilitated for the sequestration of the chemical into non-metabolically 327 active tissues such as the cuticle to make them inert 24, 27 . A third mechanism involved in resistance is 328 behavioral modification in insects' phenology, habitat choices, or foraging behavior 1 . 329 From the toxicokinetic and toxicodynamic mechanisms, we chose to focus on phase 1 and phase 330 2 enzymes, cuticular proteins, and receptor sites. Examination of down-regulated transcripts, including 331 receptor sites (none of which were observed to be statistically down-regulated) was conducted for each 332 experimental group, however our efforts were primarily focused on the classification of over-expressed, 333 enzymatic detoxification transcripts which could result in the production of more proteins, and could 334 theoretically increase the detoxification of the pesticide insult. A search within each set of differentially-335 expressed transcripts was conducted. While we observed multiple detoxification mechanisms as a 336 response to imidacloprid and chlorothalonil exposure, we did not observe any known detoxification 337 mechanisms as a result of exposure to boscalid. This observation is interesting because it has been 338 previously noted that boscalid can have a driving selection on this insect taxa 28 . More detailed 339 examination of the detoxification mechanisms in common between the imidacloprid and chlorothalonil 340 treatment groups revealed two enzymatic mechanisms of detoxification: a cytochrome p450 (6k1 341 isoform X1) and a UDP-glucuronsyltransferase (2b7-like). Several cytochrome p450 enzymes have 342 previously been implicated in imidacloprid resistance in L. decemlineata, including in a study performed 343 by Kaplanogula et al. (2017) where the over-expression of cytochrome p450 4Q3 and UDP-344 glucuronsyltransferase 2 was linked to imidacloprid resistance 18 . The over-expression of the two similar 345 enzymatic detoxification mechanisms described within our study suggests exposure to the fungicide 346 chlorothalonil could induce a similar genetic response to the insecticide imidacloprid, which could 347 eventually lead to increased levels of insensitivity to other pesticide insults, and the potential for cross-348 resistance in a field setting. An additional and important distinction centers on the number of dissimilar 349 mechanisms between both imidacloprid and chlorothalonil, suggesting that while we did observe 350 similarities, the detoxification and genetic responses to these pesticides are also quite unique. 351 When a correlation matrix was generated from the transcriptomic and RNA sequencing data, a 352 grouping of three individuals (Imidacloprid_2, Imidacloprid_3 and Chlorothalonil 1) was clearly 353 observed, and the expression patterns of these three insects were statistically similar to each other. further evaluated. This examination revealed highly over-expressed detoxification mechanisms 356 including acetylcholine receptor subunit (alpha-like), cytochrome p450's, cuticular proteins, multi-drug 357 resistance proteins and an oxidoreductase subunit. Further, to determine whether the transcriptomic 358 expression of these three individuals was based on some biological process and not the response of 359 pesticide exposure, we examined the transcript expression of these individuals for a multitude of several 360 biological processes including spermatic transcripts (could suggest a sex-linked factor) and apoptotic 361 genes. Further, examination of the over-expressed transcripts' GO terms was also conducted. Taken 362 together, these supplemental examinations revealed similarities in over-expression of sperm related 363 transcripts including transcripts encoding for spermatogenesis, suggesting that these individuals were 364 probably all male at the same developmental stage following emergence from pupation. No apoptotic 365 genes were found and over expression of iron production and oxidoreducatase activity in the GO terms 366 was noted. Overall, the genetic analysis suggested that all three insects (e.g. Imidacloprid_2, 367 imidacloprid_3 and Chlorothalonil_1) responded similarly to their pesticide exposure. 368
To confirm the results from edgeR and the differentially-expressed transcripts, expression 369 patterns were confirmed using qPCR. The expression determined by qPCR was very similar to what 370 edgeR produced, validating the differentially-expressed data. To further confirm the importance of the 371 two similar genetic detoxification mechanisms (cytochrome p450 6k1 isoform X1 and a UDP-372 glucuronsyltransferase 2b7-like) in imidacloprid and chlorothalonil detoxification, we re-evaluated our 373 pesticide feeding assays independently using two additional replicate assays and measured the 374 expression of our two transcripts of interests. From these two additional replicate assays, we observed 375 high variation in transcript expression between replicates for both cytochrome p450 6k1 isoform X1 and 376 the UDP-glucuronsyltransferase 2b7-like. Multiple individuals over-expressed both genetic mechanisms 377 in both exposure groups, while other individuals also showed no expression differences. The average of 378 the biological replicates is presented in Table 6 and their corresponding CT values with corresponding 379 STD is presented in Supplemental Table S3 . Within the two additional chlorothalonil replicates, we 380 observed over-expression of both cytochrome p450 6k1 isoform X1 and a UDP-glucuronsyltransferase 381 2b7-like transcripts, whereas in the two additional imidacloprid replicates we observed only slight over-382 expression of the UDP-glucuronsyltransferase in one group and no over-expression of any other 383 mechanisms in any other group. These findings further suggest that the activation of putative resistance 384 mechanisms is highly variable between individuals, but are partially regulated by pesticide exposure and activated from exposure of the insecticide imidacloprid and the fungicides chlorothalonil and boscalid, 388 and further to determine if there was any overlap in the genetic response within these individuals. In 389 our exploration we found several over-expressed transcripts as a response to these chemicals. Further, 390
we were able to classify two enzymatic detoxification mechanisms activated in common by both 391 imidacloprid and chlorothalonil. Interestingly, individual beetle responses varied greatly to their 392 chemical stressors, suggesting that these genetic responses, while similar, could also be dependent 393 upon individual genetics. Examination of the genetic response imposed by commonly occurring 394 pesticides on both target and off-target individuals can lead to a better understanding of how insecticide 395 resistance develops. While this study was conducted with a naïve lab colony, future studies from field 396 relevant individuals would help confirm the significance of our results and the effects of off-target 397 pesticide treatments. 398
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